Objective To assess associations between epigenetic maturity of extremely preterm babies (born at less than 28 weeks of gestation), neonatal interventions, and respiratory outcomes, including the administration of surfactant and postnatal corticosteroids, duration of assisted ventilation, and development of bronchopulmonary dysplasia (BPD).
Results Infants with higher gestational age acceleration were less likely to receive surfactant (P = .009) or postnatal corticosteroids (P = .008), had fewer days of assisted ventilation (P = .01), and had less BPD (P = .02). Respiratory measures are known to correlate with gestational age; however, models comparing each with clinically estimated gestational age were improved by the addition of the gestational age acceleration measure in the model.
Conclusions
Gestational age acceleration correlates with respiratory interventions and outcomes of extremely preterm babies. Surfactant and postnatal corticosteroid use, assisted ventilation days, and BPD rates were all lower in babies who were epigenetically more mature than their obstetrically estimated gestational age. This suggests that gestational age acceleration is a clinically relevant metric of developmental maturity. (J Pediatr 2018; 198:168-73) . P reterm infants, especially those born very (<32 weeks of gestation) or extremely (<28 weeks of gestation) preterm are at an increased risk of developing acute and long-term health complications, including acute respiratory distress and failure. [1] [2] [3] Most require respiratory interventions such as mechanical ventilation, continuous positive airway pressure, high flow oxygen, or treatment with surfactant or postnatal corticosteroids. 3, 4 Advances in these supportive therapies have improved neonatal survival, but many infants develop bronchopulmonary dysplasia (BPD) as a consequence of the developmental immaturity of their lungs and the respiratory interventions required. 3, 5, 6 BPD is a chronic lung disorder most often defined as a requirement for supplemental oxygen at 36 weeks of postmenstrual age. 3, 7, 8 In addition, preterm infants may also face long-term neurodevelopmental and pulmonary morbidities. 9, 10 Gestational age is a major determinant of neonatal morbidity and mortality, 11 including the risk of developing BPD. Gestational age is clinically determined either by the date of the last menstrual period or, more accurately, by early obstetrical ultrasound assessment. 12, 13 However, individual variations in outcome are observed for infants with the same gestational age, for reasons not clearly understood. Biological variability in development and maturity between babies of the same gestational age may be a contributing factor.
Epigenetic modifications such as variations in DNA methylation (DNAm) are important biological mechanisms regulating developmental processes. 14 
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Methylation levels at cytosine-guanosine dinucleotides (CpG) vary at hundreds of thousands of locations genome wide and can be determined by array technologies. 15 We have recently developed a method to predict gestational age at birth using DNAm at 148 CpG sites across the genome. 16 DNAm gestational age is highly correlated with clinically estimated gestational age. The residual between DNAm age and clinical gestational age, known as gestational age acceleration, has previously been associated with birth weight, which may reflect developmental maturity. 16 The aim of this study was to explore the relationships between gestational age acceleration and respiratory interventions and outcomes after birth in infants born extremely preterm. As higher gestational age acceleration may indicate increased developmental maturity, we hypothesized that it may be associated with less respiratory intervention in the neonatal intensive care unit and lower likelihood of developing BPD.
Methods
All surviving preterm babies born at <28 weeks of gestation by best obstetrical estimate in the state of Victoria, Australia, during 1991 and 1992 were enrolled in a longitudinal followup study. The study was approved by the Human Research Ethics Committees of the Royal Women's Hospital, the Mercy Hospital for Women, Monash Medical Centre, and the Royal Children's Hospital, Melbourne, Australia (HREC No. 23034C). Details of this cohort have been previously described. 17 The 143 subjects included in this analysis represent probands born in the state of Victoria at less than 28 weeks of gestational age in 1991-1992 and who survived to 18 years of age, and for whom consent was obtained for the current study. Initial enrollment into the above-mentioned study was performed with parental consent. The study probands had reached adulthood and gave informed consent for the analysis of their neonatal blood spots, which were collected at an average of 9.9 days after birth. Blood spots were stored at ambient temperatures after collection. Data relevant to this study were recorded during the perinatal period, including neonatal sex, surfactant administration, use of postnatal corticosteroids, duration of assisted ventilation (including intermittent positive pressure ventilation via an endotracheal tube or nasal continuous positive airway pressure), and incidence of BPD (defined as receiving oxygen at 36 weeks of postmenstrual age). Decisions to give surfactant (Exosurf was the only surfactant available) or postnatal corticosteroids (predominantly dexamethasone) were made by the treating clinicians.
DNA Methylation Analysis
DNA was extracted from dried blood spot cards using the ZR DNA Card Extraction Kit (Zymo Research; Irvine, California). Sample quality and DNA concentration were assessed through spectrophotometry (Nanodrop, Wilmington, Delaware). Samples with sufficient quality and concentration were processed on the Illumina Infinium HumanMethylation450 BeadChip (Illumina, San Diego, California) per manufacturer's recommendation as in our previous work. 18 Data were subjected to standard quality control through the use of the R package CpGassoc. 19 Data frames of the raw signal values were supplied as input to CpGassoc. Any data point with a detection P value above .001 was set to missing. CpG sites with >5% missing data and subsequently, samples with >5% missing data were excluded. After quality control, b values were determined by the ratio of methylation to total signal. Cellular heterogeneity (proportions of CD4, CD8, CD14, CD19, CD56, neutrophils, and eosinophils) was estimated as previously described.
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Determination of DNAm Gestational Age and Gestational Age Acceleration DNAm gestational age was estimated using our previously published method, 16 implemented in the publicly available software (https://github.com/akknight/PredictGestationalAge). Briefly, we estimate gestational age based on DNAm at 148 CpG sites across the genome. Prior to gestational age estimation, a data frame of all CpG sites passing quality control is supplied as input for the predictive algorithm, and undergoes a modified beta-mixture quantile normalization as described previously. 16, 21, 22 DNAm gestational age was compared with clinically estimated gestational age. Gestational age acceleration was determined as the residual of a linear model regressing all DNAm gestational age values on clinically determined gestational age values, after adjusting for time to sample collection (9.9 ± SD of 3.9 days).
16 Table I (available at www.jpeds.com) gives an overview of the definitions and descriptions of all measures used to describe gestational age and gestational age acceleration.
Statistical Analyses
To assess associations between gestational age acceleration and common neonatal complications, logistic regressions were performed to determine the associations between each binary outcome (surfactant administration, use of postnatal corticosteroids, and incidence of BPD) and gestational age acceleration, adjusting for cellular heterogeneity and neonatal sex. Linear regression was performed to evaluate the association between duration of assisted ventilation and gestational age acceleration, adjusting for cellular heterogeneity and neonatal sex. To assess the additional contribution of gestational age acceleration to models including gestational age for neonatal outcome predictions, linear regressions, adjusting for neonatal sex and cell type, with and without the inclusion of the gestational age acceleration term were compared. As male infants have been shown to fare worse, interaction terms were created for gestational age acceleration by multiplying gestational age acceleration and an indicator variable for sex. Models with significant interaction terms were further investigated in a subgroup analysis, where linear regressions were performed on male subjects and female subjects separately. CIs reflect the change in slope. To ensure individual CpG sites were not driving the associations between the outcomes and DNAm age, linear regressions were performed for each of the 148 CpG sites included in the predictor and each outcome with the false discovery rate controlled at Volume 198 • July 2018 5%. All analyses were performed using R v 3.3.0 and the R package ppcor. 23 
Results
A total of 225 infants born at less than 28 weeks of gestational age in the state of Victoria during 1991 and 1992 survived to 18 years of age. Cohort demographics for the 143 extremely preterm survivors who participated in this study are presented in Table II . Almost one-half received exogenous surfactant, just over one-third were treated with postnatal corticosteroids, and 41% developed BPD.
DNAm gestational age and subsequently gestational age acceleration were determined for each subject. Gestational age was correlated with DNAm gestational age (Figure 1 For each respiratory intervention and outcome, the inclusion of the gestational age acceleration added significantly to the amount of variance explained by the model compared with gestational age alone ( Table III) .
Previous studies have shown sex-specific differences in outcomes after preterm birth, prompting us to consider whether gestational age acceleration was associated with infant sex. Male subjects had a mean gestational age acceleration of -0.40 and female subjects had a mean gestational age acceleration of 0.35, indicating that female subjects were potentially developmentally more mature than male subjects (mean difference = 0.75 weeks, 95% CI [0.14, 1.36], P = .02; Figure 4) ; this is further illustrated in Figure 5 (available at www.jpeds.com) which shows the distribution of gestational age acceleration in the overall cohort. The interaction term for sex was significant only for BPD (P = .007). In subsequent subgroup analysis stratified by sex, development of BPD was significantly related to lower gestational age acceleration only in male subjects (mean difference -0.154 weeks, 95% CI [-0.230, −.079], P < .008) but not in female subjects (mean difference 0.27 weeks, 95% CI [−.05,.05], P = .9).
To ensure results were not driven by CpG sites comprising the predictor that were also independently associated with the outcome or intervention of interest, we used linear models to assess associations with each of the 148 CpG sites. Two CpG sites were experiment-wide significant. One site (cg15856055, ZNF511) was associated with BPD (P = .002), and 1 site was associated with days of assisted ventilation (P = .0001, cg27258399, HTRA4). No individual CpG site was significantly associated with surfactant or postnatal corticosteroid administration, supporting our hypothesis that the relationship between the outcome and gestational age acceleration was not due to associations with individual CpG sites.
Discussion
In our study, we used a metric based on DNAm (which we postulate represents developmental maturity in utero and up to 10 days after birth) to assess associations between the postulated measure of developmental maturity and respiratory outcomes that is independent of gestational age. We found that infants born at <28 weeks of gestational age, increased DNAm age was strongly related to reduced respiratory morbidity and fewer respiratory interventions after birth. Importantly, gestational age acceleration explained these outcomes over and above knowledge of gestational age at birth alone. The clinical interventions selected for inclusion in this study mark several critical benchmarks in treating respiratory distress in infants. The demographic characteristics and frequency of respiratory interventions and BPD in our cohort are similar to other cohorts from this era. 24, 25 Infants admitted to the neonatal intensive care unit (NICU) often require respiratory support 26 and the risk for BPD and long-term adverse effects on pulmonary function is generally higher the earlier the infant is born.
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The decision to treat an infant with surfactant was made by a neonatologist based on clinical criteria. Surfactant was administered in this cohort only as rescue treatment and infants had to be intubated, receiving intermittent positive airway pressure respiratory support, and require >50% oxygen. Our finding that infants who received surfactant had a lower gestational age acceleration than infants not administered surfactant, is consistent with developmental physiology, which implies that more immature preterm infants are expected to be more surfactant deficient. 27 Infants experiencing more severe respiratory failure may require postnatal corticosteroids during their NICU course. 28 Postnatal corticosteroids were widely used in the early 1990s after being shown to improve respiratory function and facilitate extubation of very immature preterm babies. 28, 29 This is consistent with our observation that infants who received postnatal corticosteroids had a lower gestational age acceleration than those who were never given corticosteroids. Practice changed in the late 1990s when it became evident that postnatal corticosteroid use carried significant long-term risks. 28, 30, 31 They are now used with caution and are generally only administered to a select group of babies after prolonged periods of assisted ventilation 28, 30 ; the effect of this practice change is not captured in our cohort because of recruitment in the early 1990s.
Finally, this study examined 2 markers of long-term pulmonary outcomes associated with extremely preterm birth: duration of assisted ventilation and development of BPD. Extremely preterm infants require disproportionately more assisted ventilation with diminishing maturity. In 1 study, for each week of decrease in gestational age, survivors born <28 weeks of gestation required a mean of 13 days more assisted ventilation after birth. 32 In the current study, we found that longer duration of assisted ventilation was associated with lower gestational age acceleration. Similarly, we also found that gestational age acceleration was lower in infants who developed BPD.
All 4 indicators of preterm birth-associated respiratory mortality were substantially correlated with gestational age acceleration. This supports our hypothesis that gestational age acceleration is a marker of developmental maturity, including that of the lung. Although there is some overlap between subjects with multiple interventions, these 4 indicators are not collinear. Figure 6 (available at www.jpeds.com), shows overlap between surfactant, corticosteroid use and BPD. This correlation of respiratory outcomes (-0.44 < r < 0.65) in this cohort is likely to reduce our power to detect statistically significant associations between gestational age acceleration and each outcome individually. However, even assuming a stringent Bonferroni correction for the number of outcomes tested (.05/ 4 = .0125), inclusion of gestational age acceleration in models predicting each of the 4 outcomes remains significant (Table III) .
Further research is needed to determine if these associations remain if samples are taken closer to birth, such as in cord blood, or even before birth, if in utero fetal blood sampling is performed. One recent study reported associations between gestational age acceleration estimated from cord blood methylation and several pregnancy-associated factors, including maternal preeclampsia and prenatal betamethasone treatment. 33 Antenatal betamethasone was associated with increased gestational age acceleration, which is consistent with antenatal corticosteroids being used to accelerate maturity before birth. 33 Male subjects had lower gestational age acceleration than female subjects. Male infants are more likely to experience complications because of respiratory disorders, have poorer psychomotor development when born preterm, and have higher mortality rates than female infants. [34] [35] [36] [37] [38] Thus, this observation is consistent with our hypothesis that DNAm age is reflective of neonatal morbidity. Our previous study 16 did not show a significant sex difference in accuracy based on the median error, but did not examine the association between sex and gestational age acceleration. However, a recent study also showed increased gestational age acceleration in female infants. 33 Lack of associations with neonatal interventions in the analyses stratified by sex could be due to a reduction in power from decreased sample size in our study.
We assessed if any of the 148 CpG sites were associated with the outcome variables. Only 2 variables showed associations, one with BPD and one with days of assisted ventilation. No individual CpG site was significantly associated with surfactant or postnatal corticosteroid administration. We conclude that associations between CpG sites and variables examined did, thus, not adversely affect our study outcome.
Our study has several limitations. As this cohort was recruited between 1991 and 1992, clinical care given to these infants may vary from current practice. Surfactant therapy has "dramatically reduced mortality and morbidity" 28 ; as surfactant was available as therapy to our 1991-1992 cohort, we believe that this major change in clinical practice was captured in our study. In our cohort, surfactant use was limited to infants requiring supplemental oxygen at over 50%; thus, surfactant was given to babies with more severe respiratory distress syndrome. Today, surfactant is given at a lower oxygen requirement; the potential effect of this change in practice could only be determined by repeating our study with a more contemporary cohort.
With a rate of 73% for our 1991-1992 cohort, the antenatal corticosteroid rate was similar to many current day cohorts. 6 Since the 1990s, ventilation strategies have changed and new ventilator modes have been introduced, but we agree with Owen et al that "most interventions have had little effect on the risk of bronchopulmonary dysplasia." 28 We, therefore, believe that results from our 1991-1992 cohort remain relevant until superseded by more contemporary data.
A further limitation was that DNAm was measured from blood spots, which were collected at an average of 9.9 days after birth. Although we have adjusted for postnatal age in our analyses, methylation may have been affected by the days and care received between birth and sample collection and, thus, may not have been fully representative of developmental maturity at birth alone. Further information on how rapidly the epigenome changes after birth will be highly relevant. We have initiated a prospective study (The EpiPrem Study) that addresses longitudinal changes in genome wide DNAm and gestational age acceleration over several weeks of NICU care with multiple analyses between birth and term equivalence. We hope to identify unique epigenetic signatures that could assist in identifying patients who are at risk for specific acute and longterm morbidities associated with preterm birth.
We anticipate that assessment of gestational age acceleration will be informative in studies of long-term outcomes. As gestational age acceleration is independent of gestational age THE JOURNAL OF PEDIATRICS • www.jpeds.com Volume 198 at birth, this metric provides another clinical and research tool to evaluate developmental maturity, regardless of the gestational age at which the infant was born.
Future studies should investigate the development and use of gestational age acceleration during pregnancy based on cells obtained from amniotic fluid or other fetal cells, which could assist to inform clinical decisions at the limits of viability.
If further studies determine that use of DNAm gestational age has clinical utility in predicting more neonatal morbidity, targeted assays to rapidly return results of the assessment of DNAm-based developmental maturity to clinicians would be needed. Technically, it should be possible to perform the DNAm analysis and provide results to clinicians within 48 hours. The potential clinical utility of such a DNAm based assessment of developmental maturity and its potential contribution to personalized neonatal care interventions and outcome predictions should be investigated further. ■ Figure 1 . Correlation between clinically estimated gestational age, adjusted for days to sample collection, and DNAm based gestational age (r = .43, P < .001). Both measured in weeks. Solid line represents the regression line; dotted line indicates equivalence. , P > .99). Table I . Definitions and description of measures used to quantify gestational age and gestational age acceleration 1 . Clinically estimated gestational age: Gestational age at birth as determined in routine clinical care through measurements on ultrasound before 20 wk, or menstrual history if no ultrasound dating was available 2. DNAm gestational age: Gestational age at sample collection predicted from DNAm. This measure is highly correlated with gestational age, but differences between gestational age and DNAm gestational age are observed and may reveal an infant's developmental maturity. 3. Gestational age acceleration: Calculated as residual of an individual proband's DNAm gestational age onto the regression curve of gestational age and DNAm gestational age for the complete cohort. This measure is used to assess an infant's developmental maturity. A positive gestational age acceleration indicates a more mature infant than their gestational age suggests and a negative gestational age acceleration indicates a less mature infant than their gestational age suggests. It is important to note that gestational age acceleration is independent of gestational age. 
